ABSTRACT Injection of a current pulse of brief duration into an aggregate of spontaneously beating chick embryonic heart cells resets the phase of the activity by either advancing or delaying the time of occurrence of the spontaneous beat subsequent to current injection. This effect depends upon the polarity, amplitude, and duration of the current pulse, as well as on the time of injection of the pulse. The transition from prolongation to shortening of the interbeat interval appears experimentally to be discontinuous for some stimulus conditions. These observations are analyzed by numerical investigation of a model of the ionic currents that underlie spontaneous activity in these preparations. The model consists of: I, which underlies the repolarization phase of the action potential, IK2' a time-dependent potassium ion pacemaker current, Ibg, a background or time-independent current, and INa, an inward sodium ion current that underlies the upstroke of the action potential. The steady state amplitude of the sum of these currents is an N-shaped function of potential. Slight shifts in the position of this current-voltage relation along the current axis can produce either one, two, or three intersections with the voltage axis. The number of these equilibrium points and the voltage dependence of INa contribute to apparent discontinuities of phase resetting. A current-voltage relation with three equilibrium points has a saddle point in the pacemaker voltage range. Certain combinations of current-pulse parameters and timing of injection can shift the state point near this saddle point and lead to an interbeat interval that is unbounded. Activation of INa is steeply voltage dependent. This results in apparently discontinuous phase resetting behavior for sufficiently large pulse amplitudes regardless of the number of equilibrium points. However, phase resetting is fundamentally a continuous function of the time of pulse injection for these conditions. These results demonstrate the ionic basis of phase resetting and provide a framework for topological analysis of this phenomenon in chick embryonic heart cell aggregates.
INTRODUCTION
Considerable interest has centered in recent years on the perturbing influences of brief duration electrical stimuli on the spontaneous rhythmic activity of nerve and cardiac cells (Perkel et al., 1964; Hartline, 1976; Ayers and Selverston, 1977; Winfree, 1977; Pinsker, 1977; Guttman et al., 1980; Ushiyama and Brooks, 1974; Jalife and Moe, 1976; Sano et al., 1978; Antzelevitch, 1979, 1980; Guevara et al., 1981) . The reports on cardiac preparations have amplified the original observations of Weidmann (1951) concerning the effects of individual current pulses on the rhythmic behavior of spontaneously active cardiac Purkinje fibers. These experiments have several features in common. For example, a current pulse stimulus applied sometime after the occurrence of a cardiac action potential either advances or potential event depending upon the polarity, the amplitude, and the duration of the pulse, and the time at which it was applied. In general, a depolarizing pulse of given amplitude and duration delays the time of occurrence of the next event when applied relatively early in the cycle, whereas it advances the time of the next event when applied later in the cycle. The effect is reversed for hyperpolarizing pulses. The transition point at which a depolarizing pulse produces neither a delay nor an advance moves to earlier times in the cycle as the amplitude of the pulse is increased. Moreover, the range of times of the delivery of the pulse for which the transitiontfrom delay to advance can be clearly discerned, narrows considerably as the pulse amplitude is increased. In fact, the transition is apparently discontinuous for sufficiently large pulse amplitudes or pulse durations (Jalife and Moe, 1976; Sano et al., 1978; Scott, 1979; Guevara et al., 1981) .
The above observations have prompted a number of theoretical investigations concerning the response of simple limit cycle oscillators to perturbations of brief duration (Scott, 1979; Winfree, 1980; Guevara et al., 1983) . Moreover, several authors have investigated phase resetting in ionic models of nerve and cardiac cell membranes (McAllister et al., 1975; Best, 1979; Guttman et al., 1980; DiFrancesco and Noble, 1982a; Bristow and Clark, 1982; Guevara et al., 1983) . However, in our view, there has not as yet appeared a detailed report describing the relationship between specific phenomena that occur during phase resetting and the underlying ionic currents, particularly with reference to the apparent discontinuity of phase resetting. We have attempted such a study using aggregates of cells derived with tissue culture techniques from the hearts of chick embryos. These preparations beat spontaneously and rhythmically under appropriate experimental conditions (see Methods). Aggregates are a suitable choice for this investigation even though they are multicellular preparations, because their small size, their spherical geometry, and the tight electrical coupling of cells within an aggregate lead to a virtually isopotential preparation (DeHaan and Fozzard, 1975; DeFelice and DeHaan, 1977; Clay et al., 1979; Clapham, 1979; Mathias et al., 1981) . Several investigators have used this preparation for phase resetting studies (Scott, 1979; Guevara et al., 1981; Ypey et al., 1982) . Moreover, the membrane currents underlying pacemaking in aggregates have recently been measured with the voltage clamp technique (Nathan and DeHaan, 1979; Shrier and Clay, 1980; Clay and Shrier, 1981a, b; Shrier and Clay, 1982; Josephson and Sperelakis, 1982) . Therefore, an analysis of phase resetting using these voltage clamp results for heart cell aggregates seems timely. microelectrodes filled with 3 M KCI. Current pulses were injected through the single voltage recording electrode. The amplitude of the pulse was measured with a virtual ground current-to-voltage converter.
Theoretical
Overview ofIonic Currents. Voltage clamp analysis of 7-d-old chick embryonic ventricular cells has revealed four ionic current components that contribute to the total membrane current throughout the range of membrane pacemaker potentials, -100 to -60 mV . These components are (a) a time-dependent potassium ion current, IK2' with slow voltage-dependent kinetics having time constants of activation typically in the 0.1 to 1.0 s range; (b) a time-independent or background current, Ibg, which appears to be carried by a mixture of ionic species, most notably sodium, INab, and potassium, IK,; (c) a time-dependent current, IK or l, which primarily determines the rate of repolarization; and (d) a sodium ion current, INa, with millisecond kinetics that primarily controls the maximal rate of rise of the upstroke of the action potential (V max). The IK2 component has also been reported for mammalian cardiac Purkinje fibers by Noble and Tsien (1968) , although DiFrancesco (1981) and DiFrancesco and Noble (1982a) have recently reinterpreted this current in Purkinje fibers as an inward current, which they have termed If. DiFrancesco and Noble (1982b) have also suggested that the If model may provide an alternative representation for the Clay and Shrier (1981a, b) voltage clamp measurements. However, the pacemaker current kinetics in voltage-clamped aggregates near the potassium equilibrium potential, EK, together with the developmental changes in pacemaker currents that occur after day 7 appear to require the original IK2 rather than the If model (Clay and Shrier, 198 la, b; .
Moreover, the behavior of the reformulated model of cardiac Purkinje fiber in response to current pulse stimulation does not appear to be appreciably different from that of the earlier McAllister et al. (1975) model in which 'K2 is the pacemaker component (DiFrancesco and Noble, 1982a) .
Mathematical Representaiton of Ionic Currents. Measurements of IK2 for 7-d ventricular aggregates are given in Shrier and Clay (1980) and Clay and Shrier (1981a) . The latter paper also contains a mathematical representation of the IK2 results, which is given by
METHODS

Experimental
A full account of our experimental methods has been given elsewhere (Sachs and DeHaan, 1973; Clay et al., 1979; Clay and Shrier, 1981a (Clay and Shrier, 198 Ia). These measurements for Ts and s_ were fitted with the forms of a,(V) and #,,(V) given in Eqs. 3 and 4, which are similar to those used by Hodgkin and Huxley (1952) to empirically describe their voltage clamp measurements of potassium current in squid giant axons. The fully activated current, IO -K2 (V), i.e., the pacemaker current that flows across the membrane when s = 1, is also determined experimentally, using the ratio of the time-dependent current during a clamp step to the time-dependent (tail) current following return to holding potential (Noble and Tsien, 1968; Clay and Shrier, 1981a (V -EK) , the driving force. However, potassium channels in muscle membranes are, in general, nonohmic. They allow current to flow more readily in the inward than the outward direction, a process that is termed inward rectification (Katz, 1949) . The IK2 channels in the aggregate are strong inward rectifiers when the external potassium concentration is 1.3 mM. That is, fK2 (V) reaches a maximal outward value 15-20 mV positive to EK. It declines toward zero at more positive potentials nearly reaching a zero value for V 2 -50 mV. Consequently, fK2(V) has a negative slope throughout the pacemaker potential range. This process is modeled in Eq. 5 by a two site, single file channel with a membrane bound blocking particle that is kept out of the channel by inward current flow and is knocked into the channel by outward current flow (Clay and Shlesinger, 1977, 1983; Clay and Shrier, 198 (Clay and Shrier, 1981a 
with 1°= 75 nA, ac = 0.04 s-', -0.01 s-'; a' = 0.1 niV-', I3' = 0.1 mV-', and Ex =-10 mV. We note that this is a preliminary model of Ix, which undoubtedly will undergo revision when further experimental results have been obtained. However, Eqs. 14-17 provide an adequate representation of Ix in the -90 to -55 mV range of potentials at an external potassium concentration of 1.3 mM. The INa component has been measured in embryonic heart cells by and . We have used the mathematical formulation of these results given by the latter authors
CLAY ET AL. Phase Resetting of Heart Cell Activity (20) with rate constants (in inverse seconds) given by am(V) = -320(V + 47.13)/{exp[-0.I(V + 47.13)] -11 (21) mW ( (24) and GN. = 500 AS, ENa = 40 mV. and (Clay et al., 1979) . The initial conditions, which we used for all simulations, were V = -70 mV, s = 1, sx = 1, m = 0, and h = 1. These values approximate the state of the IK2' I., and INa gating parameters before the later phase of repolarization.
We assume that IK2 and Ix are fully activated by the end of the plateau phase of the action potential, and that s and s5 remain essentially unchanged during repolarization before the time at which V = -70 mV.
The initial starting time for all simulations was chosen to be t = 150 ms, which roughly corresponds to the duration of the action potential preceding V = -70 mV on the repolarization phase. Eq. 25 was integrated in double precision using an Euler fixed-step implementation of the Rush and Larsen (1978) (Results) . A current pulse of 20-ms duration was applied at various points in the unperturbed pacemaker cycle. The simulations were stopped when the potential reached the threshold of the action potential, which was arbitrarily chosen to be V = -55 mV.
RESULTS
Current-Voltage Relations (IV)
The respective contributions of the various ionic currents (Methods) to the total membrane pacemaker current are illustrated by curves a-e in Fig Fig. 1 Eris approximately -60 mV (E, = -56 ± 7 mV, mean ± SD, n = 11, Clay and Shrier, 198 la; Er =-57 + 10 mV, mean ± SD, n = 12, Colizza et al., 1983) . The Er of curve e in Model I is -63.4 mV, which is consistent with these observations. The Er of Model II is -71.8 mV. Some aggregates rest as negatively as -70 to -75 mV, although this range of Er was somewhat atypical for 1.3 mm Ko (Clay and Shrier, 1981 a) . The addition of INa to curve e in Model I removes the equilibrium point in the pacemaker region, whereas the addition of INa to curve e in Model II shifts the equilibrium point slightly in the positive direction to -70.8 mV. It also introduces a second intersection of the IV with the voltage axis at V = -66.7 mV (inset of Fig. shown in Fig. 1 . The difference between Model I and II concerning the number of equilibrium points is of critical significance for our final conclusion (Discussion). Fig. 5 A) . The middle panel of Fig. 6 shows that TX is very small during this phase. The first part of pacemaker depolarization from 160 to 350 ms is associated with changes in IK2 and Ibg, with little change in either Ix or INa. The sum of the former pair of components is inward, although they very nearly balance one another so that their net effect is relatively small. This result is also apparent from the current-voltage relations in Fig. 1 ms, a 40-nA pulse at ts,im = 160 ms, and a 25-nA pulse at tstim = 160 ms, respectively. The effect of the 40-nA pulse at tstim = 150 ms is to counterbalance the outward current through the 1x channels. Consequently, during the initial phase of current injection the rate of hyperpolarization is reduced, since the Ix channels deactivate more slowly. The TX time course is illustrated in the middle panel of Fig. 6 B. This parameter increases during the latter part of the pulse because the membrane potential begins to depolarize during this time period (bottom panel of Fig. 6 B) . However, by the end of the current injection at t = 170 ms, enough Ix channels are still open so that the net current is outward and the membrane once again begins to hyperpolarize. This hyperpolarizing phase is more gradual than in the control because of the increase in Tx during and following the pulse (Figs. 6 A and B). Therefore, the overall effect of the pulse is to give a more rounded appearance to V(t) near MDP. This result is evident in row B of Fig. 2 for both the experimental (tstim = 130 ms) and the theoretical results (tstim = 150 ms). The pulse also affects the balance between IK2 and Ibg (Fig. 5 B) . The depolarizing effect of the pulse causes the membrane potential to lie in a range where the magnitude of the sum of IK2 and Ibg is smaller than in control. The magnitude of the slope of Ibg for V -90 mV is greater than the slope of the fully activated IK2 currentvoltage relation for V < -90 mV (Fig. 1 A; curve d vs. curve a). In other words, the magnitude of IK2 + Ibg is greater at -90 mV than at -80 mV, as is apparent from curve b in Fig. 1 A. Since the membrane potential is depolarized by the pulse relative to control, the amplitude of IK2 + Ibg is reduced. The pulse also produces a subtle effect on the s(t) curve (dashed line in the top panel of Fig.  6 B) . Its depolarizing effect causes the membrane potential to lie in a range where T, is >1 s both during and after pulse application (Fig. 6 B) . Consequently, the s parameter changes a little bit more slowly than it does in control, reaching a minimum value of 0.88 rather than 0.86. The sum of IK, + Ibg is thereby reduced even further by this effect, which persists throughout almost the entire pacemaker phase. In other words, the current pulse effectively resets the slope of pacemaker depolarization to a smaller value through a combination of effects due to Ix, IK2 and Ibg. The tatim = 150 ms results in row B of both the experimental and simulated records in Fig. 2 display this effect. Fig. 7 B again illustrates that the perturbed trajectory closely follows the IV curve appropriate for s =0.88 during the later part of diastolic depolarization. The above analysis demonstrates that prolongation of IBI by a depolarizing pulse applied relatively early in the unperturbed cycle is produced by a slowing of Ix kinetics and by a decrease in the slope of pacemaker depolarization due to changes in IK, and Ibg. However, both effects are offset to some extent by the depolarizing effect of the pulse itself, which activates INa more than in the control and tends to take the membrane to threshold more rapidly than in the control.
For a 40-nA stimulus injected at tatim = 160 ms, or at later times, threshold is reached more rapidly than in the control. This is because the net hyperpolarizing current, carried by I,, at t,,im 2 160 ms is less than 40 nA.
Consequently, throughout the entire duration of the pulse, there is a net depolarizing current given approximately by the difference between the instantaneous value of Ix and the injected stimulus of 40 nA. The result is a more rapid rate of membrane depolarization than in control and a significant reduction in IBI. The trajectory for these conditions with s = 0.98 is illustrated in Fig. 7 Fig. 7 D. The analysis of this section illustrates that a relatively large pulse would depolarize the membrane to threshold for tstim = 150 ms were it not for I. Consequently, the transitional region between prolongation and shortening of IBI is shifted to earlier times in the cycle as pulse amplitude is increased. Moreover, the width of the transitional region is reduced for the larger pulses because threshold is reached earlier.
Phase Resetting of Model II Experimental records of phase resetting from a preparation having an IBI0 >1 s are shown in the left-hand panel of Fig. 8 removed from MDP. The transition in the model occurs -30% into the cycle, approximately one action potential duration after MDP. This result is not an invariant prediction of our theoretical analysis. It depends to some extent upon the amplitude of the current pulse. Moreover, the transition point can be shifted to either earlier or later times in the cycle by modifying various model parameters, although our experience has suggested that it cannot be readily shifted very much beyond the 40% point, which would still be somewhat at odds with the preparation represented in Fig. 8 . In any case, the model qualitatively mimics the voltage changes that occur subsequent to pulse injection. Fig. 9 plots the phase-resetting curves for Model II in response to 15-and 25-nA pulses, with 1-ms increments in tstim. The computed points for the 15-nA pulse merge together to give a continuous curve. The phase-resetting curve for the 25-nA pulse is apparently discontinuous. This is further illustrated by the phase plane analysis described in Fig. 10 . The two points in Figs. 10 B-D represented by the symbol (-), and labeled V, and V2, are the equilibrium points of the steady state current-voltage relation in the pacemaker voltage range (inset of Fig. 1 B) . The trajectories in Fig. 10 A, B correspond to the unperturbed pacemaker and to the perturbations produced by a 15-nA current pulse applied at the times indicated on the Figures. These trajectories are qualitatively similar to those of Model I in Fig. 4 . For example, the trajectory following a current pulse delivered at a given time lies to the right of a trajectory following a current pulse delivered at an earlier time. Fig. 10 D is the trajectory for both a and b during current-pulse injection. The trajectories essentially overlap during this time, as well as during the time immediately following the pulse. The net current at the end of the pulse lies slightly in the inward direction. Therefore, the membrane slowly depolarizes and the trajectory slowly moves toward the unstable equilibrium point at V = V2 = -66.7 mV. It then moves away from this point in either the inward direction eventually attaining threshold (curve b), or in the outward direction, away from threshold (curve a). Thus, the equilibrium point at V2 appears to be a saddle point (FitzHugh, 1955; Jack et al., 1975) . Both curves a and b ultimately rejoin the unperturbed cycle during the upstroke of theaction potential. In the case of curve a the trajectory effectively encloses a region of the IV phase plane containing the equilibrium point at V = V1 = -70.8 mV before returning to the control trajectory. This equilibrium point also appears to be unstable, based on computer simulations with all activation and inactivation variables set equal to their steady state values appropriate to V = V1 and V set equal to V1 ± AV, where AV < 0.1 mV. The voltage moves away from VI under these conditions, exhibiting a pattern of oscillations of slowly increasing amplitude. Consequently, VI may be classified as an equilibrium point having the characteristics of an unstable spiral (Jack et al., 1975) .
Curves a and b in Fig. 10 D closely approximate the trajectories that occur after the phase point has remained near V2 for an arbitrarily long time. This result can be demonstrated by setting all of the variables of Model II at their appropriate steady state values corresponding to V = V2 and by setting V = V2 ± AV with AV < 0.1 mV. The resulting trajectory for the V = V2-AVinitial condition is within a line width of curve a except near V = -80 mV, where the difference in current between the two trajectories is -0.1 nA. The trajectory for the V = V2 + AVinitial condition is virtually indistinguishable from curve b. The time difference that the phase point takes to move along these two trajectories is 1.32 s. That is, the IBI vs. tstim relation is discontinuous in the sense that the phase point must move away from V2 in either the hyper-or depolarizing direction no matter how long it remains near V2. The maximum value of IBI is unbounded, because the nearer the phase point approaches V2 the longer it subsequently remains near V2, where V is very small (FitzHugh, 1955) . Consequently, the IBI vs. ts,tim relation has a singularity in the critical region for a 25-nA pulse amplitude. Fig. 12 A) , which reaches a minimum value of 0.60, as compared with 0.86 in Model I. The control trajectory and the IV for s = 0.60 are both shown in Fig. 13 outward current direction for -90 < V .-65 mV (curve b, Fig. 1 B) . Thus, the sum IK2 + 'bg contributes to the repolarization of the action potential (Fig. 11 A) . The effect of the pulse on Ibg and IK2 is to rapidly move the sum of these components in the outward direction during the first 10 ms of the pulse followed by a bending over of IK2 + Ibg to less outward levels during the final 10 ms of the pulse (middle panels of Fig. 11 B) . The rate of membrane potential change is determined primarily by the pulse amplitude, which is significantly greater than the amplitude of IK2 + Ibg (both INa and Ix being 0 at the time).
Relationship of Phase
The s parameter changes very little throughout pulse injection, because the duration of the pulse is substantially less than rs (Fig. 12 B) . Consequently, the trajectory essentially moves along the IV curve appropriate for the value of s at the beginning of the pulse (s = 0.92), as illustrated in Fig. 13 B. Rapid changes in IK2 and Ibg illustrated in Fig. 11 (Fig. 12 B) . The effect of the pulse is to rapidly move;r from 0.7 at V --90 mV on the ascending limb of the bell-shaped r; vs. V curve to its maximum value at V = -79 mV, and then to r, = 0.75 on the descending limb of the bell-shaped curve. The membrane then slowly hyperpolarizes, with r, moving toward the maximum rS. Consequently, the rate of hyperpolarization is slower than the rate of pacemaker depolarization in the control simulation, because the average T. value during this hyperpolarizing phase is greater than the average ;, value during the depolarization to threshold. In this way IBI is prolonged. Considerably greater prolongation can be achieved when the net current at the end of the pulse is 0 and the s variable at the beginning of the pulse is approximately the same as its value at V = V2. Under these conditions the phase point will move very slowly toward the V2 saddle point before moving away from it in either the hyper-or depolarizing direction as described above. A significant reduction of IBI will be produced by a pulse that depolarizes the membrane into the region where INa is activated. This result is illustrated by a 25-nA pulse applied at tstim = 300 ms (Figs. 11 C, 12 C, 13 C). The trajectory follows the IV curve appropriate for the s value at 300 ms (s = 0.83) during pulse injection (Fig. 13 C) . Near the end of this pulse INa is partially activated so that the net current (VK2 + Ibg + INa + IX) at 320 ms is inward (Fig. 11 C) . The current-voltage phase point is sufficiently far from V = V2 so that the membrane potential does not linger very long near the saddle point. The s parameter is reset by the pulse in a manner similar to that of Model I so that the slope of depolarization following the pulse is reduced compared with the control. However, the membrane potential is already close to threshold. Only a small additional depolarization is required before INa is fully activated. Consequently, IBI is reduced.
The above analysis demonstrates the relationship between pulse amplitude and the transitional region of the IBI vs. tstim relation. The rate of membrane depolarization throughout pulse injection in Model II is determined primarily by the pulse amplitude itself even for pulses as small as a few nA, because IK2 + Ibg is only =-1 nA during pacemaker depolarization and Ix is negligible. Prolongation in Model II is produced when a current pulse resets IK2 + Ibg to an outward level. This process can only occur relatively early in the cycle when s -1.
DISCUSSION
Injection of a current pulse of brief duration into an aggregate of electrically coupled, spontaneously beating heart cells produces a transient change in the beat frequency of the preparation. The time of occurrence of the first beat following current-pulse injection is modified to an extent that depends upon the amplitude of the pulse and the time in the unperturbed cycle at which it is applied. The aggregate resumes its normal spontaneous activity usually within one cycle after stimulation (Fig. 2) . Consequently, the effect of the pulse is to shift, or reset the phase of spontaneous activity. Phase resetting is clearly a continuous function of the time of pulse injection for relatively small amplitude pulses. Experimentally, phase resetting appears to be a discontinuous function of the time of pulse injection for larger pulse amplitudes.
Our modeling results are summarized in Fig. 14, which schematically illustrates the limit cycle trajectories in the IV phase plane, the steady state IV curve, and the IBI vs.
tstim results for Models I and II. The limit cycle of Model I encloses one equilibrium point in the IV phase plane, whereas the Model II limit cycle encloses three equilibrium points. This difference is produced essentially by a shift of the IV curve along the membrane current axis. Both models exhibit Type I phase resetting (Winfree, 1977 (Winfree, , 1980 for small pulse amplitudes, as illustrated by curve a in the lower panels of Fig. 14. A larger pulse amplitude in Model I produces phase resetting that is a very steep function of tstim. In fact, IBI appears to be a discontinuous function of tstim when 0.5 ms time increments are used.
However, an analysis of phase resetting on a much finer time scale (10-,us increment in tstim) reveals that the IBI vs. tstim relation is fundamentally continuous (curve b for Model I, lower panel of Fig. 14) . The apparent discontinuity of Model I that we have described is associated with the properties of INa. The INa component has a steep voltage dependence near V = -60 mV. In fact, it confers an apparent discontinuity to excitable membranes referred to as an all-or-none threshold. However, detailed modeling and experimental examination of INa in nerve, which is similar to INa in heart, has revealed that the voltage attained at the end of a pulse is fundamentally a continuous function of stimulus strength (FitzHugh, 1955; Cole et al., 1970; Clay, 1977 phase-resetting can be very steeply changing but fundamentally continuous (Best, 1979) . Since both levels of stimulus intensity used in Model I lead to Type 1 phase resetting, we therefore caution against inferal of Type 0 phase-resetting simply based upon the existence of an apparent discontinuity in experimentally obtained plots of IBI vs. tstim (Scott, 1979; Winfree, 1980; Winfree, 1981) . Model II also exhibits Type 1 phase resetting for sufficiently low stimulus intensities (curve a for Model II, lower panel of Fig. 14) . For greater pulse amplitudes (c 25 nA), illustrated by curve b, the state point is perturbed near the saddle point at V2 over a certain range of coupling intervals. For one value of tstim the separatrix of the saddle point is presumably encountered, IBI becomes unbounded, and spontaneous oscillation ceases. In this case a topological degree cannot be assigned to the phase resetting. However, the membrane potential will not rest indefinitely at a saddle equilibrium point in the presence of noise, because an equilibrium point of this type is unstable.
Moreover, the equilibrium point at V = VI in Model II is also unstable. Consequently, experimental preparations that are described by our Model II analysis cannot be made quiescent with a resting potential in the pacemaker voltage range by injection of a current pulse of brief duration. A further shift of the IV in the outward direction may produce a system with a stable equilibrium point at V,, which is capable of generating spontaneous activity.
However, we have not explored this additional modification of our model. Spontaneous activity can be annihilated by a single pulse in nerve and in other cardiac preparations that have a stable equilibrium point (Best, 1979; Guttman et al., 1980; Jalife and Antzelevitch, 1979; 1980) . Our results illustrate a general difference between nerve and cardiac cells. Cardiac cells usually exhibit an Nshaped steady state IV with a region of negative slope conductance, whereas nerve cells generally have a monotonic steady state IV with a positive slope conductance for all membrane potentials (Jack et al., 1975) . The underlying cause of this difference can be explained by a comparison of the potassium current, IK, in these different cell types. IK in heart is relatively small in comparison with IK in nerve, and it displays inward rectification with negative slope conductance. IK in nerve has a positive slope IV. Consequently, IK in nerve does not contribute a negative slope character to the total IV, and its relatively large amplitude effectively masks the negative slope character of INa in steady state conditions. Therefore, the total IV has only a single equilibrium point regardless of its absolute position on the current-voltage axes. For example, the Hodgkin and Huxley (1952) model of squid axon can be made repetitive either by the addition of a small bias current to the model or by a shift in the gating parameters appropriate to a slight reduction of the external calcium ion concentration (Huxley, 1959) . The IV curve underlying this behavior is monotonic with a single equilibrium point at V = -55 mV. An exception to this model for nerve cells is provided by the Rl 5 pacemaker cell in Aplysia, which exhibits an N-shaped IV under some experimental conditions (Adams et al., 1980) Our analysis is also relevant for other cardiac preparations, especially cardiac Purkinje fibers, which have many properties in common with ventricular cells from 7-d-old chick embryonic hearts (Clay and Shrier, 198 la) . In particular, the McAllister et al. (1975) model of cardiac Purkinje fiber pacemaker activity has an N-shaped steady state IV with negative slope conductance and a single equilibrium point, similar to our Model I. However, their IV curve with s = 1 lies above the voltage axis for -90 < V < -65 mV (Fig. 3 of McAllister et al., 1975) , whereas the corresponding IV curve in our Model I lies below the voltage axis for all potentials in the pacemaker range (curve b of Fig. 1 A) . Consequently, their model is intermediate to our Models I and II, although it can be made to correspond more closely to either Model I or II by relatively small shifts of the IV curve along the membrane current axis. The ionic mechanisms underlying phase resetting in the McAllister et al. (1975) model would differ from our analysis if the DiFrancesco (1981) reinterpretation of the pacemaker currents in Purkinje fibers is correct. The sign of the time-dependent pacemaker current would BIOPHYSICAL JOURNAL VOLUME 45 1984 I v be changed, and the background current-would be modified, primarily by the removal of most, ,.r of the background sodium conductance (DiFrancesco, 1981; DiFrancesco and Noble, 1982b) . The negative slope features in the model would be contained entirely in IK, and INa. Nevertheless, the basic elements of phase resetting phenomena would be unchanged (DiFrancesco, 1981; DiFrancesco and Noble, 1982a) . The essential ingredients for Purkinje fibers are time-dependent pacemaker current, a negative slope character in either a background or a time-dependent pacemaker current, the INa current, and an N-shaped steady state IV which can lead to either one, two, or three equilibrium points.
Our analysis is also relevant for embryonic atrial cell aggregates. These preparations do not exhibit time-dependent current kinetics in the pacemaker voltage range . Nevertheless, they beat spontaneously and rhythmically with an IBIO of 1 s (Sachs and DeHaan, 1973; Shrier and Clay, 1982 . This system is spontaneously active only if its IV has one equilibrium point that lies positive to the threshold of INa* Spontaneous activity will not occur if the IV is shifted in the outward direction so that the equilibrium point lies below threshold. Hence, the phase resetting properties of this system are expected to be similar to those of Model I. Our study demonstrates that the ionic current mechanisms that underlie phase resetting properties of embryonic cardiac cells are complex. Current pulses introduced during and immediately after repolarization reset the interbeat interval primarily by influencing the outward current, I, Greater prolongations in the interbeat interval resulting from current pulses at later times in the cycle are largely attributed to the predominating influence of changes in the pacemaker current, IK2* Finally, shortening of the interval is attributed ultimately to a premature activation of the rapid inward current, INa. A more complete ionic model of electrical activity of embryonic ventricular heart cell aggregates or modifications to the existing pacemaker model may remove some of the discrepancies between experiment and the presently existing partial model.
